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Abstract 
Effects of membrane potential and cytosolic free Ca 2÷ concentrations ([Ca2+] i) on acetycholine (ACh)-induced inositol phosphate 
production were investigated in insulin secreting flTC3 cells. ACh (10 /xM) caused a rapid inositol 1,4,5-trisphosphate (Ins(1,4,5)P 3)
production and increase in [Ca 2÷ ]i reaching a maximum within 5 s. The rise in Ins(l,4,5)P 3 production was reduced by 79 + 5% when 
[Ca2+]i was kept low in cells loaded with the Ca 2÷ chelator BAPTA. The ACh-evoked Ins(1,4,5)P 3 production also depended on the 
membrane potential as it was reduced by 31 + 6% in cells hyperpolarized by diazoxide, an opener of ATP-sensitive K-- channels. The 
Ca 2÷ ionophore ionomycin caused a rapid increase in [Ca z÷ ]i and in the cellular Ins(1,4,5)P 3content. We conclude that stimulation-in- 
duced changes in membrane potential and [Ca2+] i play an important role in controlling Ins(1,4,5)P 3 production in insulin-secreting 
/3 TC3 cells. 
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1. Introduction 
In the pancreatic /3-cell the autonomic nervous system 
exerts an important regulatory role in many cellular func- 
tions. These effects are mediated by ACh which is released 
from nerve endings and acts upon muscarinic holinergic 
receptors in the plasma membrane [l]. Activation of mus- 
carinic cholinergic receptors which are linked to the en- 
zyme phospholipase C induces a rise in the cellular 
Ins(1,4,5)P 3 content within the first seconds after ACh 
stimulation [2-5]. The Ins(1,4,5)P 3 released into the cyto- 
plasm mobilize Ca 2+ from internal stores by binding to its 
receptors [6-8]. Although the mechanisms and conse- 
Abbreviations: ACh, acetylcholine; BAPTA, 1,2-bis(2-amino-phe- 
noxy)ethane-N,N,N',N'-tetraacetic acid; [Ca 2÷ ]i, intracellular free Ca 2÷ 
concentration; EGTA, ethyleneglycol-O,O'-bis(2-aminoethyl)- 
N',N,N',N'-tetraacetic acid; Ins(1)P, inositol -monosphosphate; Ins(4)P, 
inositol 4-monophosphate; lns(1,4)P 2, inositol 1,4-bisphosphate; 
Ins(1,4,5)P3, inositol 1,4,5-trisphosphate; Ins(1,3,4)P3, inositol 1,3,4-tri- 
sphosphate; Ins(1,3,4,5)P 4, inositd 1,3,4,5-tetrakisphosphate; PLC, phos- 
pholipase C; V m, membrane potential. 
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quences of Ins(1,4,5)P 3 production are well established, 
information is scarce regarding the regulatory processes 
that modulate this signalling system following receptor 
activation. It is the aim of this study to assess the impor- 
tance of changes in V m and [Ca2+] i in modulating the 
extent of Ins(1,4,5)P 3 synthesis. This was accomplished by 
using the insulin secreting t-cell  line flTC3 to measure 
changes in cellular inositol phosphate content and [Ca 2÷ ]i 
in response to muscarinic holinergic receptor activation. 
2. Materials and methods 
2.1. Chemicals  
Fura-2 acetoxymethyl ester ( fura-2/AM) and BAPTA 
acetoxymethyl ester (BAPTA/AM)  were obtained from 
Molecular Probes (OR, USA); [3H]myo-inositol from NEN 
Products (MA, USA). Fetal calf serum was from A.H. 
Diagnostic (Aarhus, Denmark). Dulbecco's modified eagle 
medium, penicillin, streptomycin, and L-glutamine were 
from Gibco (Roskilde, Denmark). All other chemicals 
were obtained from Sigma Chemicals (MO, USA). 
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2.2. Cell culture 
/3TC3 cells, a transgenic mice insulinoma [9] were 
cultured at 37°C in Dulbecco's modified eagle medium 
supplemented with 1000 mg/ l  o-glucose, 10% heat-in- 
activated fetal calf serum, penicillin (50 U/ml), strepto- 
mycin (0.05 mg/ml), and 2 mM L-glutamine. All experi- 
ments were performed with cells from passage 30-45. The 
/3 TC3 cells were passaged once a week, while media were 
changed twice a week. 
2.3. Measurements of [Ca: + ]i 
Images of [Ca 2+ ]i in single /3TC3 cells were obtained 
by means of a fluorescence microscope (Zeiss Axiovert 
135) and a digital image processing system (Universal 
Imaging, USA) as previously described [10]. /3TC3 cells 
were loaded with 3 /zM fura-2/AM for 40 min at 37°C 
and washed twice before the experiment with extracellular 
medium containing (in mM): 140 NaC1, 4 KC1, 2 CaC12, 1 
MgC12, and 10 Hepes (pH 7.3). 
2.4. Measurements of inositol phosphate levels 
Inositol phosphate l vels were measured in /3 TC3 cells 
grown in Nunc 6-well multidishes and loaded for 24 h 
with 10 /xCi/ml [3H]myo-inositol in Dulbecco's modified 
eagle medium without glucose and inositol as described 
previously [10]. Inositol phosphates were separated by 
high-performance liquid chromatography using an anion 
exchange column (Vydac 303NT405), as described else- 
where [11]. All experiments were carried out at 37°C. The 
data are expressed as mean values + S.E.M. for n tested 
cells. 
3. Results and discussion 
Stimulation of /3TC3 cells with 10 p,M ACh evoked a 
sharp rise in [Ca2+]i ,  reaching a maximum level < 5 s, 
followed by a fast decline towards the prestimulatory level 
which was general attained after approx. 40 s (Fig. 1A). 
The resting [Ca2+]i  in individual flTC3 cells was 187 +__ 6 
nM (n = 76). In flTC3 cells preincubated with [3H]myo- 
inositol phosphate we found considerable amounts of inos- 
itol phosphates in the unstimulated state. Fig. 1B-D shows 
the time dependencies of the changes in cellular inositol 
phosphate contents following ACh stimulation (10 /zM). 
We observed a rapid rise in the Ins(1,4,5)P 3 content reach- 
ing a peak value < 5 s followed by a decline towards the 
prestimulatory level. It appears that the rate of Ins(1,4,5)P 3 
production closely follows the rate of increase in [Ca2+]r 
Except for Ins(1)P, the other inositol phosphates produced 
after ACh stimulation showed a slower rate of formation 
than Ins(l,4,5)P 3. The inositol phosphate compound that 
displayed the strongest increase was Ins(1,4)P 2, which 
after its maximal release represented approx. 50% of all 
inositol phosphates produced. In contrast, he Ins(1,3,4,5)P 4 
content only increased from 2.4 to 8.6% of the total 
inositol phosphates produced. It is evident that a large 
fraction of the produced inositol phosphates were degraded 
to myo-inositol through a path involving lns(4)P (Fig. I B). 
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Fig. 1. Effect of ACh on [Ca 2 + ]i and inositol phosphate production in /3 TC3 cells. (A) Typical time course of ACh-evoked changes in [Ca 2 + ]i in a single 
/3 TC3 cell resuspended in a Ca 2 +-containing medium. The trace is representative of 41 experiments. (B-D) Time dependencies of the changes in cellular 
inositol phosphate contents following ACh stimulation (10/zM). The ordinate shows how much (in per cent) a given inositol phosphate contributes to the 
sum of all the inositol phosphates produced when measured 60 s after stimulation. Points are means + S.E.M. of 3 experiments. Where error bars are not 
visible, they are masked by the data points. Ins(l), inositol l-monophosphate; Ins(4)P, inositol 4-monophosphate; Ins(1,4)P 2, inositol 1,4-bisphosphate; 
Ins(1,4,5)P 3, inositol 1,4,5-trisphosphate; Ins(l,3,4)P 3, inositol 1,3,4-trisphosphate; Ins(1,3,4,5)P 4, inositol 1,3,4,5-tetrakisphosphate. 
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Fig. 2. Effect of [Ca 2+ ]i and V m on ACh-stimulated Ins(1,4,5)P 3 produc- 
tion in /3TC3 cells. (A) Typical [Ca 2+ ]i responses following ACh 
stimulation (10 /zM) in single /3TC3 cells that were either loaded with 
50 /zM BAPTA/AM for 20 min and resuspended in Ca2+-free medium 
with 100 /zM EGTA or pretreated with 400 /xM diazoxide. The tracings 
are representative of 11 and 16 individual experiments. (B) Ins(1,4,5)P 3 
production in /3 TC3 cells treated as described in (A). The ordinate shows 
how much (in per cent) Ins(1,4,5)P 3 contributes to the sum of all the 
inositol phosphates produced 60 s after stimulation, where 100% was 
obtained from untreated ACh-stimulated cells. Points are means + 
S.E.M. of 3 experiments. 
The relationship between changes in membrane poten- 
tial (Vm), [Ca2+] i ,  and the production of inositol phos- 
phates in response to ACh stimulation were next exam- 
ined. To determine the Ca 2+ dependency of the PLC 
reaction, /3 TC3 cells were loaded with the Ca 2+ chelator 
BAPTA/AM (50 /xM for 20 min) and resuspended in a 
low Ca 2+ medium with 100 /xM EGTA. Under these 
conditions the unstimulated [Ca2+] i was approx. 140 nM 
and stimulation with 10 /zM ACh did not cause an in- 
crease in [Ca 2+ ]i (Fig. 2A). The effect of changes in V m 
was assessed in /3 TC3 cells pretreated with diazoxide (400 
/zM), an opener of ATP-sensitive K+-channels. Using the 
perforated whole cell patch clamp configuration (ampho- 
tericin B technique), we found that diazoxide (400 /xM) 
hyperpolarized the /3TC3 cell membrane potential from 
-56  _+ 5 to -74  4- 4 mV (n = 5; unpublished data). In 
diazoxide-pretreated cells ACh (10 /xM) increased [Ca 2+ ]i 
to levels that were 100-150 nM lower than in untreated 
cells (Fig. 2A). Under both conditions ACh (10 /xM) was 
still capable of stimulating Ins(1,4,5)P 3 release with time 
dependencies imilar to those observed in control experi- 
ments (Fig. 2B). However, the overall amount of 
Ins(1,4,5)P 3 released to the cytosol was reduced by 79 _ 
5% when [Ca2+] i was kept low and by 31 + 6% in hyper- 
polarized /3TC3 cells (n = 3). These figures were ob- 
tained by measuring inositol phosphate production in both 
control and pretreated /3 TC3 cells in the same series of 
experiments. Thus, Ins(1,4,5)P 3 production in control cells 
was used as a reference for calculating the extent of 
Ins(1,4,5)P 3 production in BAPTA and diazoxide pre- 
treated cells. 
It appears from the above results that reducing [Ca2+] i 
has dramatic effects on Ins(1,4,5)P 3 production following 
ACh stimulation in /3 TC3 cells. It was therefore of prime 
interest to determine if a rise in [Ca 2+ ]i could cause PLC 
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Fig. 3. Ionomycin-induced changes in [Ca 2+ ]i and inositol phosphate production in flTC3 cells. (A) Typical time course of changes in [Ca 2+ ]i after 
stimulation of a single /3 TC3 cell with 200 nM ionomycin. (B-D)  Time courses of changes in the amount of inositol phosphates. The ordinate shows how 
much (in per cent) a given inositol phosphate contributes to the sum of all the inositol phosphates produced 20 s after stimulation. Points are means 5: 
S.E.M. of 3 experiments. Where error bars are not visible, they are masked by the data points. 
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activation and consequently Ins(1,4,5)P 3 production. This 
was accomplished by raising [Ca2+]i in flTC3 cells with 
the Ca 2÷ ionophore ionomycin. In single /3 TC3 cells 200 
nM ionomycin caused a rapid increase in [Ca 2+ ]i reaching 
peak values of approx. 900 nM after 10-20 s (Fig. 3A). 
The ionomycin-evoked increase in [Ca 2÷ ]i stimulated the 
production of inositol phosphates (Fig. 3B-D). The 
Ins(1,4,5)P 3 component developed rapidly, reaching a peak 
value after 10 s. A slower increase in Ins(1,4)P 2 was seen 
reaching a steady level after 20 s. Under these conditions 
Ins(1,3,4,5)P 4 but not Ins(l,4)P 2was the predominant inos- 
itol phosphate compound showing a maximal increase 
from 3 to 33% of total inositol phosphates released after 
20 s stimulation. This suggests that receptor activation 
enhances the activity of the inositol polyphosphate 5-phos- 
phatase, which degrades Ins(1,4,5)P 3 to Ins(1,4)P 2 and 
Ins(1,3,4,5)P 4 to Ins(1,3,4)P 3 or that increases in [Ca2+] i 
without receptor activation stimulates the Ins(l,4,5)P 3 3- 
kinase, a Ca 2 +/calmodulin-dependent enzyme [12,13]. 
Our data suggest that the PLC reaction and conse- 
quently Ins(1,4,5)P 3 production is sensitive to changes in 
V m and [Ca2+] i. This implies that the voltage- and Ca 2+- 
dependent steps take place in the chain of events going 
from receptor activation to Ins(1,4,5)P 3 production. It is 
generally accepted that muscarinic-cholinergic receptors 
couple to a PLC/3 isozyme through a G-protein-mediated 
process [ 14,15]. In this respect, it is interesting to note that 
all major PLC isoforms are present in /3TC3 cells [16]. 
Exactly how [Ca2+] i and V m affect PLC-mediated 
Ins(1,4,5)P 3 production remains to be determined. Ca 2+ 
binding sites on PLC isozymes could be implicated in 
regulating the Ca 2+ sensitivity of the Ins(1,4,5)P 3 produc- 
tion [17,18]. This is in accordance with our observations 
that the ionomycin-evoked rise in [Ca 2+ ]i caused a marked 
inositol phosphate production in /3 TC3 cells. It has previ- 
ously been shown that the ACh-induced Ca 2+ rise in 
lacrimal acinar cells is voltage-dependent [19]. In their 
study it was concluded that the voltage-dependent step is 
determined by the binding of ACh to its receptor. The 
possibility that the agonist-receptor binding is the voltage- 
dependent step observed in the present study on /3TC3 
cells seems unlikely since a maximal ACh concentration 
was used which should saturate all receptor binding sites 
and cause a maximal Ins(1,4,5)P 3 response. However, we 
cannot exclude the possibility that membrane hyperpolar- 
ization reduces the number of functional receptors for ACh 
in the plasma membrane. It seems more likely that changes 
in V m could affect the effectiveness of the coupling be- 
tween the muscarinic-cholinergic re eptors and the G-pro- 
teins or between the G-proteins and the PLC enzymes. 
Furthermore, changes in V m could affect he availability of 
phosphatidyl-4,5-bisphosphate, which is the substrate for 
the PLC enzyme. 
While the mechanisms for PLC activation have been 
clearly established over the last decade, little information 
has been obtained regarding the regulatory processes dur- 
ing stimulation of PLC-coupled receptors. In the present 
study it has become clear that PLC activity is affected by 
the increases in [Ca2+]i that accompany muscarinic- 
cholinergic receptor activation. Furthermore, we have ob- 
tained unequivocal evidence that ACh stimulated 
Ins(1,4,5)P 3 production is modulated by changes in V m. 
These diverse regulatory processes provide a means by 
which cellular esponsiveness i  controlled uring receptor 
stimulation. 
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